Surface-enhanced Raman scattering (SERS) allows the detection of sub-monolayer adsorbates on nanostructured metal surfaces (typically gold or silver). The technique has generated interest for applications in biosensing, high-resolution chemical mapping and surface science. SERS is generated by the localized surface plasmon resonance that occurs when the nano-metal is exposed to laser light. These plasmonic effects rely on features as small as ~1 nm, which poses a challenge for the fabrication of sensitive and reproducible substrates. Consequently a wide range of nanofabrication techniques have been used to make SERS substrates. Further challenges are encountered when transferring wafer-scale techniques to the tips of optical fibers in order to produce devices for in vivo SERS sensing. Here we describe fiber tip substrates based on miniaturization by fiber drawing, physical vapor deposition and nanoimprint lithography. Despite recent progress, the fabrication of sensitive, reproducible and affordable SERS fiber sensors remains an unresolved problem.
INTRODUCTION
Surface-enhanced Raman scattering (SERS) is a highly sensitive analytical technique which can provide signature spectra of molecules adsorbed on nanostructured metal surfaces, when excited with a laser beam. The robustness of the technique relies on the quality of the SERS substrate which sustains the localized surface plasmon resonance field. Over the years, the challenge has rested with the cost-effective fabrication of an optimal nano-metal surface which maximizes the signal strength while ensuring reproducibility and chemical stability. As a result, numerous fabrication methods ranging from vapor deposition, electro-chemical deposition, template assisted techniques, nanolithographic techniques and femtosecond laser texturing have been the subject of intense research [1] .
In order to concentrate the efforts on developing an optimum plasmonic structure, researchers have traditionally resorted to using a convenient planar platform, such as a glass slide or a silicon wafer [2, 3] . However, the application of SERS in practical sensing environments requires the use of a more field friendly detection platform. An optical fiber presents itself as an excellent candidate for this purpose, due to its numerous advantages over conventional planar substrates. The most significant is the fact that the sensing point can be spatially separated from the user during measurement allowing it to be used in a remote sensing arrangement. On the other hand the availability of precision mounting tools such as fiberoptic connectors as well as the inherent nature of the fiber to act as a waveguide, relaxes the need for tedious optical alignment. Consequently, optical fiber SERS probes can eliminate bulk optics, resulting in miniaturized, portable devices that are well suited to field-based work [4] .
A number of SERS optical fiber sensor geometries have been reported in the literature [5, 6] . The 'optrode' sensor is one of the simplest designs where a single fiber segment is used to propagate both the excitation wavelength and the backscattered light through the fiber [7] . The physical dimensions of a standard optical fiber tip diameter (125 µm) allow it to be used for probing small samples and confined spaces. This makes it especially useful for biomedical and in-vivo applications.
Fiber-based systems are not without their challenges. The contributions of the fiber Raman background to the collected signal is an issue that is specific to fiber based sensors and needs careful consideration. Regarding optrode sensors, the length of the optrode beyond the separation optics can be kept short, thus minimizing the Raman background. Parameters such as fiber material, excitation wavelength and the refractive index profile of the fiber all affect the background scattering. The signal collection efficiency of the optrode sensor geometry is also affected by the etendue of the fiber with respect to the Raman microspectrometer. In particular, the confocal area of the collection optics and the area of the fiber core, as well as the numerical aperture of the fiber and the collection objective need to be carefully matched [8] . Therefore the performance of each sensor needs to be evaluated through the consideration of all the above factors.
Another problem more specific to a SERS optrode sensor is the fabrication of the sensing element on the distal end of the fiber. This restricts the number of feasible nanofabrication techniques that can be employed in this regard. Thin metal films deposited by either thermal or e-beam evaporation are one of the most convenient approaches to fabricating a SERS substrate on a fiber tip [9] . Silver deposition on fiber tips that are abrasively modified by polishing have also been tested [10] . Since these methods rely on a random structure formation, the convenience of fabrication is compromised by the poor sample-to-sample repeatability and low signal enhancement.
Nanoparticle-based SERS probes have been attempted by Stokes et al. and these rely on the deposition of nanoparticles on the tip of a fiber which is then centrifuged to dry the supernatant fluid, and later coated with silver [7] . Nanoparticles are subject to random aggregation, which introduce uncertainties in the spatial arrangement of the structures. Recent developments in the application of lithographic techniques present great potential for the fabrication of well-defined nanostructures that may exhibit better sample-to-sample reproducibility [11] . Even though electron beam lithography is not ideally suited to nanostructure fabrication on the tip of an optical fiber, it has been used to fabricate a nano antenna array on a standard silicon slide, which was then transferred on to the end facet of an optical fiber by a decal transfer method [12] .
Chemical etching of a tapered imaging fiber, oblique angle deposition and nanoimprint lithography are three other techniques where a nanostructured surface can be produced cost-effectively on the tip of an optical fiber. This review details the fabrication, performance and a comparison of these three sensors, all of which were carried out within the same laboratories.
MATERIALS AND METHODS

Sample Preparation
For the obliquely deposited films, substrates were fabricated with high purity silver (99.95%, Goodfellow) using an Emitech K975X turbo evaporator with the film thickness controlled by a quartz crystal microbalance. The same apparatus was used in a sputtering mode to deposit a chromium adhesion layer (~2 nm, 99.99%, ProSciTech). Regarding the substrates prepared using miniaturization through fiber drawing and nanoimprint lithography, an Emitech K950X vacuum coater was used for the deposition of thin metal films. The coated samples were then soaked in a 10 mmol solution of thiophenol (C 6 H 6 S) (99%+, Sigma-Aldrich) in ethanol (>99.7%, Merck) for 10 minutes before rinsing in ethanol for 2 minutes. Thiophenol is a relatively well understood Raman-active molecule and is particularly useful for SERS as the sulfur atom of the molecule readily chemisorbs to both silver and gold, thus concentrating the molecule at a predictable monolayer density on the surface of the sensor [13] .
Spectra were collected directly off the coated surface of the fiber and remotely by coupling the excitation and backscattered Raman signal through the optical fiber waveguide (Fig. 1 ). Spectra are presented as counts per second per milliwatt of excitation laser power (c/s/mW) at the sample. For purposes of comparison, the peak heights of the four main thiophenol peaks at 1000, 1021, 1072, and 1573 cm −1 were averaged to arrive at a single numerical value for each measurement.
Raman Spectroscopy
Different microspectrometers were used to collect the SERS signals from the various fiber samples. Two different Renishaw systems (RM2000 and Invia) were used with both 633 nm (HeNe) and 514.5 nm (Ar-ion) excitation. A Horiba Jobin-Yvon modular Raman microscope and Triax 320 spectrometer fitted with a thermoelectrically cooled CCD was also used with a fiber-coupled diode-pumped solid state laser (wavelength = 532nm). 
FABRICATION OF FIBER SERS PROBES
Miniaturization by Fiber Drawing
Imaging fibers are typically used in medical and industrial applications to convey images from one position to another. They are bundles of between 1,000 and 100,000 individual single-mode fibers known as pixel fibers. The bundles are constructed in a larger scale preform and the individual fibers are fused together by drawing the preform through a furnace. In principle the fiber drawing process can be controlled so as to reduce the pixel fibers to an arbitrary size after drawing. This approach has been used to produce nanoscale structured fibers for use in SERS probes [14, 15] . A selective etchant was used to preferentially erode the cores of the fibers from the surrounding cladding matrix to form a pattern of wells with a regular 'honeycomb' structure.
Commercial imaging fibers with a pixel diameter of approximately 3 μm and a nearest neighbor spacing (i.e. resolution) of 6.2 μm were used in this work (FIGH-10-350S, 10,000 pixels, 350 μm total outer diameter, Fujikura Ltd). The diameter of these fibers was reduced by tapering sections in a butane torch. The tapered fibers were then cleaved at a range of diameters between 15 μm and 60 μm, which corresponds to inter-core spacings (i.e. the distance between the centers of neighboring pixels) ranging from approximately 150 to 650 nm. A buffered hydrofluoric acid (BHF) solution consisting of six parts 40% ammonium fluoride (NH 4 F) (Sigma), one part 49% hydrofluoric acid (HF) (Asia Pacific Specialty Chemicals) and 14 parts 36.8% hydrochloric acid (HCl) (Merck) was used as the fiber etchant (i.e. NH 4 F:HF:HCl ≈ 5:1:11). The cleaved fibers were etched together for 30 s and then rinsed in de-ionized water.
The resulting surface patterns are shown in Fig. 2(a-c) for a range of nanoscale inter-core spacings. The patterns are consistent with predictions for the measured etch rates for the germanium doped cores and the pure silica matrix material [16] . At the smallest inter-core spacing, the effects of dopant diffusion become increasingly apparent, which ultimately limits the aspect ratios that can be achieved by this method. A further limitation of this "fiber-drawing nanomanufacturing" [17] is likely to be set by the initial doping uniformity that can be achieved in preform manufacture. Germanium-doped silica is generally produced by a modified chemical vapor deposition process. One study of the resulting preform structures suggests that the doping is inhomogeneous on a scale of approximately 10 μm in the preform, while larger scale doping variations occur at the 100 μm scale because of multiple deposition passes [18] . If we assume that these domains would be miniaturized by a factor of 10,000 when drawing the preform to nanoscale dimensions in a bundle, we would expect to encounter residual doping variations of 1-10 nm in the drawn fiber. Core spacing / nm The etched fiber surfaces were coated with 100 nm of high purity silver and then characterized with thiophenol selfassembled monolayers. At the nanoscale, the pixels are no longer expected to efficiently guide light and hence the fiber effectively acts as a single multimode fiber. However, spectra could only be collected by backscattering from the free surface rather than through the fibers, as the sharply tapered fibers used in this experiment exhibit large elastic scattering losses. Five exposures of 10 s were accumulated for each sample using the Renishaw RM2000 with 514.5 nm excitation. Figure 2(d) shows the intensity of the 1000 cm -1 SERS peak for the structures produced from fibers with different intercore spacings. The estimated enhancement factor for the surfaces with triangular structures is higher than 10 6 , based on the approximate number of molecules present on the surface of the fiber tip compared to bulk solution. However, the larger fibers with thicker, continuous matrix walls (i.e. without discrete structures) provide considerably lower signal levels. For fibers with rod structures, smaller inter-core spacing leads to smaller rod spacing, which appears to be correlated with higher signal intensities. However, caution must be exercised in interpreting these results, as they can also be affected by the total area of the etched surfaces [16] .
Although fiber-drawing nanofabrication can produce an impressive variety of uniform nanostructures over relatively large areas, this approach appears more suitable for the fabrication of templates, rather than for direct production of SERS fiber probes. This is due to the high levels of elastic scattering that occur in the nanostructured core region, together with the high levels of diffusion that occur in the extended hot zones of industrial fiber drawing towers [16] . The use of templates is described further in Section 3.3.
Oblique Angle Deposition
Oblique angle deposition (OAD) is a physical vapor deposition technique that produces a columnar thin film morphology due to a vapor deposition direction that is not normal to the substrate surface. Work carried out by Chaney et al. [19] has shown that obliquely grown nanorods are well suited as SERS substrates showcasing enhancement factors as high as 10 8 [19] [20] [21] . The technique is relatively convenient and provides an inexpensive way of producing SERS substrates, not only on a planar surface but also on cylindrical objects [22] and on the distal end of optical fibers [23, 24] . The column geometry can be further modified by adding substrate rotation to the process [25] . This is commonly termed glancing angle deposition (GLAD) in order to distinguish from OAD, which can be regarded as a specialized case of GLAD with no substrate motion.
A multi-mode silica fiber from Corning with a core/clad diameter of 62.5/125 µm and a numerical aperture of 0.272 was used for this work. This particular fiber was a germanium doped graded index fiber, similar to the fiber that was used for the nanoimprinting technique described later [26, 27] . The fiber was stripped, cleaned with acetone and were cleaved into sections of 25 ± 1 mm. The carefully aligned fibers were then placed in the Emitech K975X Turbo evaporator for the deposition of a chromium adhesion layer and the subsequent deposition of silver (Figure 3 ). In the case of the silver, the fibers were mounted at an 86º angle between the substrate normal and the vapor flux direction. This was done while shielding the distal ends of the fibers to prevent any unwanted metal being deposited [24] . All samples were coated with the test analyte and interrogated for SERS as described earlier.
Various deposition thicknesses were tested in order to arrive at the optimum value for each sensing geometry shown in Fig. 1 . Figure 3 (a-f) shows the cross sections and top-down views of the nanorods grown on a silicon wafer substrate. The growth of the nanorods on the silicon wafers are believed to closely resemble those grown on the optical fiber tip [24] . The interrogation of the probes for SERS revealed that the direct signal increased with increasing metal thickness and peaked around a rod height of 260 ± 28 nm, after which it exhibited a downward trend. However, there was a significant difference between the SERS signals collected directly off the tip of the fiber and those collected remotely through the fiber. The remote measurement exhibits an approximately constant intensity response irrespective of the deposition thickness. For thin coatings, these remote measurements were ∼25% of the direct measurement, whereas relative to the optimum nanorod length of 260 nm, the signal was reduced to ∼5% [24] . The main reasons for this difference can be attributed to the factors that affect the signal collection efficiency of optrode sensors [8] . Therefore a more efficient performance could be obtained from these probes with the suitable selection of fiber and collection optics.
However, a major challenge facing the optical fiber SERS sensors developed using OAD is the contamination of the metal surface due to amorphous carbon [28, 29] . Although this hasn't presented itself as a problem here, due to the strongly adsorbing thiophenol that was used, it could be a hindrance in the detection of other target molecules which are not capable of displacing the amorphous carbon layers. 
Nanoimprint Lithography
Given the availability of high quality nanoparticle arrays, there is interest in methods by which these patterns can be replicated. Most existing replication techniques are optimized for parallel fabrication on wafers. Nanoimprint lithography (NIL) has shown itself to be a powerful tool for replicating arbitrary micro-and nano-scale surface relief patterns. It provides high resolution, high throughput and low cost, making it an attractive and accessible nanofabrication technique. In this Section, we describe the use of NIL to replicate a nanoscale, SERS-activable surface based on cicada wing antireflection surfaces [27, 30] . Significantly, it has been shown that NIL can be extended to parallel fabrication of substrates on several fibers at a time [26] .
The nanostructure on a cicada wing consists of a dense two-dimensional array of nanopillars that have a diameter of approximately 110 nm, separation of 50 nm and height of 200 nm. The pillars are very similar to the etched rod structures seen in Figure 2 (a), but have a generally hexagonal packing. Uniform sections of wing of 9 mm 2 were cut from the cicada wing, whereupon they were drip coated on one side with h-PDMS elastomer solution. The coated wings were degassed in vacuum for 10 min to promote filling of the nanostructure and then placed coated side down on a glass cover slip. Thermal curing of the h-PDMS was performed by heating the glass on a hotplate at 60 °C for >12 h. The wing could then be lifted off with a scalpel blade, leaving the cured h-PDMS cast firmly bonded to the rigid glass backing.
Arbitrarily selected 50/125 µm graded-index multimode fibers were used to demonstrate the NIL process ( Figure 4) . The fibers were stripped of their jackets and then cleaved to produce flat endfaces at both the proximal and distal ends. An epoxy based negative photoresist SU8-2002 (Microchem) was manually dispensed onto the fiber tip by syringe. The coated endface was then drawn up to the mold by a micropositioning system. The proximity of the mold and fiber was monitored via a CCD camera in order to avoid physical contact and subsequent compression of the flexible mold features. The SU8 was then cured using a three-step process: a 5-min soft bake was first used to heat the SU8 beyond its glass transition temperature, simultaneously dispelling solvents and facilitating pattern transfer. The SU8 was then exposed to ultraviolet light (Novacure 2100) through the transparent mold for 4 min. A hard bake step was then performed by increasing the temperature to approximately 150 °C for 5 min. On completion of the curing process, the chemical and physical robustness of the epoxy makes it a permanent addition to the fiber endface. The imprinted fiber could be separated by a rapid tug.
The fabrication process maintained the high fidelity of the nanostructures throughout every replication step [27] . The resulting nanostructured surfaces were tested for SERS functionality by coating with high purity silver at an angle of 60° from the fiber axis to a planar thickness of 60 nm. For comparison, cicada wing sections were coated at the same time and all of the samples were tested with thiophenol. These measurements were performed with the Horiba Jobin-Yvon microspectrometer, with 532 nm excitation. The imprinted fibers provided a very similar spectrum to the wings, although the intensity was decrease by a factor of 2. This difference was attributed to multiple reflections from the glass substrate, but may also indicate differences in surface diffusion and silver island formation on the two different materials. The remote measurements demonstrated the dramatically reduced intensity due to the factors discussed before in Section 3.2. 
CONCLUSIONS
The nanofabrication techniques described here provide a toolkit with which to fabricate low-cost, reproducible and sensitive SERS fiber probes. A range of highly enhancing nanoparticle arrays can be formed using fiber drawing nanofabrication. These arrays can then be reproduced on the tips of optical fibers by means of nanoimprint lithography. This process can be made cost effective by imprinting a number of fibers in parallel. The optimal design of optical fiber for fabrication of SERS probes has started to emerge from studies using oblique angle deposition to fabricate uniform arrays of metal nanoparticles on fiber tips: the numerical aperture and core size of the optical fiber should match the characteristics of the microspectrometer system. Although these nanofabrication techniques have proven their utility for the fabrication of optical fiber SERS probes, this remains an active area of research, with other techniques being successfully adapted on a regular basis.
Despite the progress described here, challenges remain. The Raman scattering background generated within single-ended 'optrodes' limits the sensitivity of the sensor. Fortunately the most intense part of the silica Raman spectrum lies at relatively low wavenumbers, so the background may be less critical for samples with strong peaks at higher shifts. Surface contamination due to adventitious carbon may also limit the applicability for probes based on vacuum-deposited silver. This issue can be avoided by using gold, but at the cost of some reduction in sensitivity. Future work will aim to assess the effectiveness of gold SERS substrates combined with optical fibers with reduced Raman background.
